Effects of strain, substrate misorientation, and excitonic transition
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Optical polarization in ordered GalpPalloys has been studied by low-temperature
photoluminescence. A perturbative theory that includes the effects of lattice mismatch, substrate
misorientation, and excitonic transitions has been developed for making quantitative comparisons
between experimental results and theoretical predictions. We show that to obtain quantitative
information about ordering from the polarization of near-band-gap transitions, all of the
above-mentioned effects should be taken into account. This study demonstrates that the electronic
and optical properties of a monolayer superlattice formed by partial ordering in the £dmPcan

be well described by a simple perturbative Hamiltonian, i.e., a quasicubic modell99@
American Institute of Physic§S0021-8977)06209-9

I. INTRODUCTION the so-called quasicubic modehas been employedThis
greatly simplified model uses only one parameter, the
It is well established that many zinc-blende semiconduccrystal-field splitting, to describe the effect of ordering on
tors show spontaneous long-range orderiiidRO) when  the valence band. The valence-band splitting and band-gap
grown under certain conditiorisvarious types of LRO are reduction in ordered Galpfave been investigated optically
possible: CuPt, CuAu, and chalcopyrite. The perfectly ory ysing a series of samples with varying degree of oider.
dered phases of these structures are one- or two-monolaygffound that the relative positions of the energy levels can be
superlattices, with ordering along th&11], [001], or [201]  yescribed very well by the quasicubic mofel.
crystallographic directions, respectively. Band-gap reduc- Tpe dependence of optical polarization on the degree of
tions and valence-band splittings are the common features %frder(r;)g has been studied theoretically based on the qua-
these ordered phases, as compared with the disordered phasg bic model and band-to-band transitionkat 02 The
Nevertheless, each of the ordered phases shows distingfects of strain due to lattice mismatch between epilayer and

physical properties because of their diffe_rences in crysta,gubstrate have been considered as Wdxperimentally,
symmetry. Although there are many sophisticated method ptical anisotropy caused by CuPt ordering has been

available for analyzing crystal symmetry, a measurement o bserved in various spectroscopic studies of GaiRys:

opt|_cal pplarlzanqn com_bmed with some thec_)reycal qons'd'photoluminescenceéPL) and photoluminescence excitation
erations is a relatively simple way of accomplishing this. For

. o (PLE) 10-12 piezomodulated reflectanc®, reflectance
instance, a measurement of the polarization in the plane pefg. '\ 14 oloctroreflectanc photocurrent® and ellipo-
pendicular to the growth directidi®01] will show no anisot- ' P ' P

. L : sometric measuremehtQualitatively, these studies have all
ropy for CuAu ordering, whereas it will show anisotropy for . .
CuPt ordering: shown the change in crystal symmetry as a result of ordering.

On the other hand, the electronic structures of very-By applying the perturbative model of Ref. 7, the depen-

short-period superlatticésontaining only a few monolayers denc:e of polarization on the degree of order has been used to
per period are expected to be very different from relatively obtalg the parameten (Ref. 2 from the electroreflectance
large period superlattices. The latter are normally treateatd andlﬁciaexplaln the dependence of reflectance differ-
with the so-called envelope function approximatioand it ~ €Nce ony. " However, there has not been an independent
is relatively easy to compare the theoretical results of thi€heck to the applicability of the perturbative model for de-
approximation with the experimental results. For the Very_scnblng the optical polarization. The reason for that is
short-period superlattices, because the theoretical method@/9ely due to the constraint of sample quality. Not until
are much more compléxand furthermore, in reality, per- recently, have high-quality ordered Gajrsamples with sys-
fectly ordered structures do not exist, a quantitative comparitematically varying ordering parameter become availéble.
son between the theoretical and experimental results is leg® “high-quality,” we mean that in these samples well-
trivial.> To describe the electronic structure of a partially identified excitonic transitions have been observed in both
ordered alloy in an easier way, a perturbative HamiltonianPL and PLE spectrd.

This work will focus on the optical polarization of CuPt-
SElectronic mail: yzhang@nrel.nrel.gov ordered Galnpalloys. We(1) conduct a quantitative study

YPresent address: 4. Physikalisches Institut, UniverStattgart, 70550 0N the pqlarization of PL as a function ef using a set O_f
Stuttgart, Germany. high-quality samples(2) study the effect of substrate mis-
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TABLE I. Samples used for studying the dependence of polarization on th&ABLE Il. Samples used for studying the dependence of polarization on the
degree of ordetexcept for sample No. 5, all samples were grown under low substrate misorientation anglexcept for samples in group 5, all samples

pressurg were grown under atmospheric pressure
Growth Epilayer Growth Epilayer
Sample temperature Growth rate V/III  thickness Eg Sample temperature Growth rate thickness
No. Substrate (°C) (um/h) ratio  (um) (eV) group Substrate (°C) (um/h) V/lI ratio  (um)
1 6°—[111]5 810 2 240 2 2.003 1 0°, 2°, 4°, and 670 5.5 60 10
2 6°—[111]5 840 2 240 2 1.999 6°—[111g
3 6°—[111]g 750 2 240 2 1.945 2 2°,4°,6° and 625 2 323 0.3
4 6°—[111]g 720 2 240 2 1.908 9°—[111g
5 6°—[111]g 670 55 60 10 1.891 3 2°, 6°, and 9% 700 4.4 150 0.3
6 6°—[111]g 690 2 240 2 1.878 [111]g
7 6°—[111]g 660 0.5 240 2 1871 4 4° and 6> 670 55 60 1
[111]g
5 6° and 10> 690 2 240 2
[111]g

orientation on the PL polarization by using samples growri
on differently tilted substrates; ar(@) compare the experi-
mental results with the perturbative model with the effects ofconstants of the Gin,_,P epilayers are nearly matched to
strain, substrate misorientation, and excitonic transitionghat of GaAs at room temperature, but they have consider-
taken into account. The last two effects, which influence theyple deviations at liquid helium temperature because of the
quantitative analysis of the polarization measurements sigyifference in their thermal expansion coefficients. The
nificantly, have not been considered in previous studies. |attice-matched compositionig = 0.515 and 0.520 at room

In Sec. Il, we briefly describe the growth conditions for temperature and liquid helium temperature, respectively. The
the samples used in this study and the experimental setup f@gtual compositions for the samples used in this study are in

the polarization measurement. In Sec. lll, we present thgne range of 0.56< x < 0.52, corresponding to a range of bi-
experimental results. Section IV gives theoretical analysegyia|strain0<| epayial < 0.15%.

and discussions for the effects of strain, substrate misorien-
tation, and excitonic transitions. Section V summarizes thiss. Experimental setup

work. PL was excited by an argon ion las&88 nm line,
dispersed through a double grating monochroméS8pex

Il. SAMPLES AND EXPERIMENTAL SETUP 1403, and detected by a GaAs-cathode photomultiplier tube

A. Samples (RCA C31034. The sample was mounted on the cold finger

of a 10 K closed-cycle refrigerator. Assuming an untilted

The ordered Gan, _,P samples were grown by low- or gypstrate, the polarization of the emission normal to the
atmospheric-pressure metal-organic vapor-phase epitaxygample surface was measured parallel to[ 6] and[110]
(MOVPE) on GaAs substrates with various misorientationcrystalline directions. The polarization analyzer is composed
angles(ranging from 0° to 9f toward a[111]B direction.  of a Jinear polarizer and a half-wavelength retarder at 650
The disordered samples were grown by low-pres¢iee at  nm_ The systematic error in determining the polarization ra-
P = 100 hPaMOVPE on GaAs substrates 6° misoriented to-ig js within 1%—2% in the whole spectral range needed for
ward[111]A. The details about sample growth are describednis work.
elsewheré?!® To study the dependence of polarization on
the degree of order, we carefully chose a set of samples thg{. EXPERIMENTAL RESULTS
were grown on 6{111]B GaAs substrates and under proper
growth conditions so that large and uniform ordered domain
(typically 100 nm or well-definedz are achieved® Infor-
mation about these samples and the disordered ones is given In this work, the ordering direction is defined along the
in Table I. Samples used to study the dependence on thHd 11] crystalline direction. The polarization rati®; , is de-
misorientation angle, listed in Table Il, do not necessarilyfined as the intensity ratio of the PL peak polarized parallel
have large ordered domains; thus, the results for thes® the assumed110] and [110] directions on the sample
samples are quantitatively less accurate, and we only useslirface. These directions deviate from the true crystalline
them qualitatively. In fact, optimized growth conditions have[110] and[110] directions if the sample is grown on a mis-
only been found for the 6° B-tilt substrate, not for other typesoriented substrate.
of substrates. Thus, most of the samples in Table Il were not Figure Xa) shows the PL spectra of a disordered sample
grown at optimized conditions, so the quality is relatively for two polarizations at 11 K. The weak polarization anisot-
poor. They may have either small or nonuniform orderedropy can be understood as a result of residual ordering. In
domains® Fig. 1(b), the spectra for an ordered sample reveal a stronger

All samples are single variant, except for one samplepolarization anisotropy for the two PL bands. The narrow
grown on a nontilted substrate. This sample contains twdpand, seen only in the samples grown on substrates misori-
ordering variants with large domains<{1 um).'° The lattice ~ ented 6° toward111]B under suitable conditions, is from

& Dependence of the polarization ratio on the degree
of order
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FIG. 2. Polarization ratios as a function of the degree of order. Squares and
20 [— | circles are for the high- and low-energy peaks in Fig. 1, respectively.
) - (4,00 Dashed lines are for the average of the experimental results. Solid lines are
%‘ the theoretical predictions of the band-to-band transition model.
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o B. Dependence of the polarization ratio on the
0.5 misorientation angle
00| When a tilted substrate, whose surface normal misorients
) from the[001] direction toward a specific direction, is used,
' . : ! the surface normal of the epilayer of an epitaxially grown
190 191 192 193 194 195 sample also tilts to the same direction as the substrate does.
(b) Energy (eV)

The surface normal of the epilayer can differ on a micro-
FIG. 1. Low-temperature photoluminescence of Galalfoys in the[110] ]‘S::eptlsc fs(’) (;?r:ec;t?ir:gtzerosmljtrligc;/?/fzﬁerrphael cr)T:itc:rzsscucﬁ)Si::ratlitlf,bee.-g” if
and[110] polarizations(a) Disordered, andb) ordered. :

tween the substrate and epilayer facet normals can be several

degrees or more, the macroscopic average epilayer surface

normal will be within a small fraction of a degree of the
intrinsic exciton recombinatiotf, the origin of the broad substrate normal. A simple geometrical consideration dem-
band, referred to as the “moving peak,” is uncertain, al-onstrates this. For a macroscopically flat epilayer of average
though it is expected to involve spatially indirect nonexci- thicknessT grown on a substrate of lateral dimensidnshe
tonic recombinatio>??> We will refer to the former as the maximum possible tilt between the epilayer and substrate
high-energy peak and the latter as the low-energy peak. Ourormals is for the case where the epilayer is of zero thickness
polarization measurement indicates that the hole involved imn one end of the substrate, increasing over the lateral dis-
the recombination associated with the moving peak origitancelL to 2T at the other end. In this case, the epilayer and
nates in an ordered region and, thus, carries the signature siirface normals differ by, = arctan(d7/L), which is the up-
the valence-band symmetry for CuPt ordering. Figure 2 is ger limit on tilt between substrate and epilayer surface nor-
summary of the polarization measurements for two disormals. For an epilayer of average thickn&ss 10 um, grown
dered samples and a series of samgkdb grown on 6°- on anL = 1 cm substrate, this limit is 0.1°, which is negli-
[111]B misoriented substratesvith different degrees of or- gible for our purposes. In practice, the epilayer and substrate
dering and, therefore, different band-gap reductions. For theurface normals will be essentially identical, since adatom
ordered samples, the polarization ratios are visually indepersurface diffusion lengths limit the facet sizes to the order of
dent of the degree of order. However, there is a noticeablenicrons rather than centimeters.
difference between the high- and low-energy peaks. On av- The effect of substrate misorientation is investigated for
erage, the polarization ratios are about 1.9 for the highfive groups of samples. Samples in each group were grown at
energy peak and 2.3 for the low-energy peak in the orderethe same conditions but on substrates with different misori-
samples. These numbers significantly deviate from the ratientation angles toward tj&11]B direction. The experimen-
of 3 predicted by the model of band-to-band transitions for aal results for the low-energy peak are shown in Fig. 3, where
CuPt-ordered alloy without strain and substratethe misorientation angle dependence predicted by thesesy
misorientatior. In the next section, we will discuss how the Sec. IV Q is shown for comparison. Indeed, the trend for
three effects can account for the deviatigBecs. IV B—D,  samples in each group agrees with the theory, although there
and the possible reason for the difference between the twis scatter in the values from one group to the other. We
peaks(Secs. IV C and believe that scatter in the data are mainly due to relatively

J. Appl. Phys., Vol. 81, No. 9, 1 May 1997 Zhang et al. 6367



o0 < 0 for CuPt orderind;? the topmost valence-band state is

GalnP, — thoory the HH-like stateE;, which is similar to the case dfl11]
3.5 |- (50 — [111], substrates) I g:g:z; g tensile strain. Note, that E¢l) is given in a cubic coordinate
= —a— group 3 system where, y, andz are along thg001], [010], and
= sor I g:g:sg . [00;] crystalline (.iill.’eCt.IO.nS, respectlvely._ Because in this co-
= ordinate system it is difficult to find the eigenstates of @&g.
S 251 1 analytically, the transition matrix elements were calculated
& \ numerically as a function of the degree of order in Ref. 2.
T 20 8 Without the coexistence of biaxial strain, it is more con-
o venient to use a coordinate system for whithis along the
15 1 [111] ordering directionx’ andy’ are in the plane perpen-
dicular to the ordering directiorx’ along the[112] andy’
1o '

along the[110]. In this new coordinate system, E.) be-
comes

o . _ h,=—d(3L —L?). (4)
FIG. 3. Polarization ratio as a function of substrate tilt angle for GalnP
alloys grown on{111]B tilted GaAs substrates. In a basis {|J,mz,>} = {|3/2, — 3/2>,|3/2,3/3,|3/2,
— 1/2),|1/2,— 1/2),|3/2,1/2,|1/2,1/2}, h, is block diagonal.
. . . , The HH-like states are purelg/2, = 3/2), the LH-like states,
poor sample quality, as mentioned in the last section aboul \\ o as the split-off states, are mixturesa/, — 1/2) and

sample growth. We will not make a further attempt to ex- 1/2, — 1/2) or|3/2,1/2 and|1/2,1/3. The eigenstates are:
plain the scatter quantitatively, but will emphasize the effec ) ;| 312, - 3/2) a,ndUZ —=| 312 :'3/3 for the HH-like states
of the tilt angle as an important consideration for the 6° B-tl|tU3 = a,|3/2,— 1/2) + ay|1/2, — 1/2) andU, = a,|3/2,1/2

samples whose optical polarization will be the focus of this+ a,|1/2,1/ for the LH-like statesls = b, |3/2, — 1/2)

i
0 2 4 6 8 10 12 14 16
Substrate Tilt Angle (degree)

quantitative study. + b,|1/2, — 1/2) andUg = by|3/2,1/2 + by|1/2,1/2 for the
split-off states, whera;, = (E; + d)/\(Ez+d)?+2d?, a,

IV. THEORETICAL ANALYSES AND DISCUSSIONS — —v2d/(Es+ )%+ 2d2, by = (E, + d)/(E,+ d) 2+ 202,

A. Band-to-band transitions with CuPt ordering andb, = —v2d/(E;+d)“+2d". The transition intensity,

which is proportional to the square of the transition matrix

h For :Ee band-e(tjge fsttz:]tek & do)j[_ ordberlndg (;Iotes kr)]ottt element, can be given analytically for each band-to-band
change the symmetry of the conduction-band state, bu ansition(summed over the degenerate states

symmetry of the valence-band states is changed. Thus, only

the valence band is responsible for the change in optical |1=ei+ e% )
transition intensities as we consider the band-to-band transjy . . ransitions between the HH-like states and the
tions atk = 0. Assuming the ordering effect can be treated .\ tion-band statgsiH-CB)

perturbatively, the perturbative part of the Hamiltonian can '

be written in the same form as for the11] uniaxial 2a; (aj+2v2aja,) -

strain?3-2° 2= T3 (eite))
h,=—d[(LyLy+LyLy)+c.p], (1) 4(a2—v2a,a,) ,

whereL is the angular momentum operator, and c.p. denotes + 3 € ©®

cyclic permutation with respect to the indicesy, andz. h . b h lik d th
d is a parameter that describes the strength of the thombd" ; € .trar;)smgns etween the dLH" e states and the
hedral distortion(|d| = Acd3, Acr is the crystal-field- ©ON uction-band statetH-CB), an

splitting parameter™? Equation(1) is in fact equivalent to 2b3  (b%+2v2b;b,)

the so-called quasicubic modelThe total Hamiltonian for ls=73+———3 ei+ed)

the ordered alloy i#l,,y = Hso + h,, whereHg,is the spin-

orbit interaction for the disordered alloy. The eigenvalues of 4(b§—\0b1b2) )

Horg are given a$:-2° - 3 @)
E;=—d, (20 for the transitions between the split-off states and the

1 1 conduction-band statdSO-CB, wheree = (e;,e,,63) isa

Ez5=— 5 (As= d) *5 [(Aggh d)2+8d?]2, (3)  unit vector in the direction of the polarization of the light in

the (x',y’,z") coordinate system. Note thigt+ 1, + I3 = 2.
whereAg, is the spin-orbit splitting of the disordered alloy, Another advantage of choosing th&l11] direction as the

E, is associated with the heavy holelH)-like state, and quantization axis is that the transition intensity for any state
E, andEj; are with the light holéLH)-like and the spin-orbit and direction is a continuous function of the degree of order.
split-off states, respectively. The energy reference is asH the [001] direction was chosen as the quantization axis, we
sumed to be at the top of the valence band without orderingyould have a discontinuous change in the transition intensity
and positive energy is toward the conduction band. Sthce for certain polarization directions when the ordering pertur-
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. ; . pend on the degree of order. In principle, such a dependence
| L0 can be used to measure the degree of order, as in Ref. 2
s i where the polarization dependence of the LH-CB transition
21~ o« L4i1,1,01 | is used to obtained the degree of order. Nevertheless, to do
[ N S0, various corrections are necessary as will be discussed in
(] . .
E T Ip[-1,1,0] 1 the following subsections.
s | |
g S Tl11.0] B. Strain effect due to lattice mismatch
- L — 4
———————— The strain effect in ordered GalpRas been studied by a
14[1,1,0] 26.27 . . . .
- few groups>?®?” The strain Hamiltonian can be written
15[-1,1,0] a3
0 1 1 1 1
0 0 40 g0 8 hs=a,(€xt €yyt €22~ 3bv[(|->2(_ L2/3) extc.pl, (8
(@) |d| (meV) . . .
in the cubic coordinate system, wheae and b, are the
3 ' ‘ ] hydrostatic and shear deformation potentials for the valence
o L0100 ] band, respectively, an@;; are the diagonal components
i ] of the strain tensoe = e, = €,y = (Asup — Aep)/Asutr €72
o I /// . = —(2C4,/Cyq) €, Whereag, and ap,; are the lattice con-
5 2 B0A10) 7] stants of the substrate and the epilayer, respectively, and
£ // 1 Cj; are the elastic constants. For a,(Ba_,P epilayer, when
£ [ / 1 X < Xo(X > Xg), the epilayer is subject to a biaxially compres-
=L // ] sive (tensile strain. In both cases, the strain effect tends to
- \«\(/ 1 enhance the HH—LH splitting.The situation of biaxially
8 7N LA, 0DI([1,1,0]) -
= \~\-\ -
0 1 | I T
0 20 40 60 20 16 [T
(b) [d} (meV) i 41,10
. i1501,1,01
FIG. 4. Calculated transition intensitié® and intensity ratiogb) using the 12 — : —
band-to-band transition model as a function of crystal-field splitting param- %’
eterd for [110] and[110] polarizations. 8 L01.1,0]
E S~
_3 08 //74\; T ]
= ~"14[1,1,0]: —-
2 i r
bation was turned on and off. For instance, the transition g 1 \\\ﬁ{
intensity of the HH—CB transition exchanges between the 0.4 - i 7
[111] and[001] directions because the preferred axis changes — T
from the[001] to [111] as the ordering is turned on. [ 12[-1,1,0] | 113[-1,1,?] | ]
_ P . 0'0|||||||||||||1»|||\||
As one can see, the HH—-CB transition intensity,of P
Eq. (5), is independent of the degree of order. The HH-CB @) c I
i . . omposition x
transition can be understood as the radiation of a dipole
along thez' direction. It is then easy to get_the polarization gL TTTTTTII T TT T
ratio between th¢110] and[110] directions:[110] is in the - § .
x'—y'plane, and[110] is out of the plane by an angle r1(4,1,00,(11,1,0D): ]
= arccos(3); thusR, = 1,([110])/1,([110]) = [cos@)] 2 o I ’ i
= 3. Both the LH-CB and SO-CB transitions rather strongly £ 2- —
depend on the degree of order. Figuréa) &nd 4b) show '; i ]
the three transition_intensities and the related intensity ratios g L pid ]
for the [110] and [110] polarizations as functions offd| £ r : // 1
which reflects the degree of ord@rNote that in the disor- ! [1,(0-1,1,0/L,[1,1,00) ;_~ ]
dered limit, E; and E, are degenerate, and the combined - 74{_4_» i
ratio is isotropic as gxpected. o [ - %1,([-1,1,0])&,(—[1',-1,01):
Because the rati®®; of the HH-CB transition is inde- ) [ I BT T B B
pendent of the degree of order, this property can be exploited 044 048 052 056 060
to examine other possible mechanisms that may cause the (b) Composition x

discrepancy between experimental results and the theoretical

predictions. On the other hand, the polarization ratios for the’!G. 5. Calculated transition intensitié® and intensity ratiogb) using the
aq band-to-band transition model as a function of Ga composition between

LH-CB transition, R, = 15([110])/15([110]), and the different polarizations, with the strain effect considered. Vertical line indi-
SO-CB transitionR; = 13([110])/13([110]), strongly de- cates the lattice-matched composition.
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TABLE Ill. Parameters for Gan,_,P alloys. tion the biaxially compressive straix (< xy) enhances the
transition intensities of thg110] and[110] polarizations, as
has been pointed in Ref. 26. On the other hand, the biaxially

E=2.884+1.424(1-x) — 0.76«(1—X) (eV)
A.y=0.080+0.110(1~x) + 0.035%(1—x) (eV)

7, =4.05¢+5.05(1— X) Fen;ile s'Fraim( > Xp) has an opposite effect on these polar-
¥>=0.4%+1.6(1— ) ization directions. For the intensity ratid3; of the HH-CB
¥3=1.25%+1.73(1-x) transition has a very weak strain dependence in the compo-
Ep=31.4+20.7(1-x) (eV) sition range 0.56< x < 0.52 (| 6R;/R;| < 2%); howeverR,

8gpi=5.4470+5.8658(1-x) (A)
Agaas=5.6480 (A)
a,—a,=—9.%—6.6(1-x) (eV)

of the LH—CB transition shows a stronger strain dependence
|6R,/R,| can be as large as 30% in the same composition

b, = — 1.4~ 1.55(1-x) (eV) range, which corresponds to underestimatipdpy 30% if
Cy,=143.8%+106.9(1-x) (GPa) R, is used to determine the degree of order without consid-
C1,=65.26k+61.1(1-x) (GPa) ering the strain effect. For the intensity ratio of the HH-CB

transition, shown in Fig. 2, the strain effect is insignificant.

compressive strain frequently occurs when one intends to
grow samples lattice matched to the GaAs substrate at OO et of substrate misorientation
temperature.

With the coexistence of CuPt ordering and biaxial strain, ~ When the substrate is tilted toward one of the three di-
neither [001] nor [111] is a preferred quantization axis. rections[111]A, [111]B, or (110AB (a direction between
Simple analytic solutions are impossible in this situation. Wethe other twg, by an anglesé, the apparenit110] and[110]
calculate the transition intensities numerically in the samdlirections, denoted as ti@¢10], and[110], directions, with
way as that in Ref. 2, where the matrix form of H8) is  respect to the sample surface may not be the [tt46] and
taken from Ref. 28. The strain effect is shown in Fig&)5 [110] crystalline directions. Thus, the measured polarization
and 3b) for the intensity and the intensity ratios, respec-ratio cannot be compared directly with that shown in Fig.
tively, for the[110] and[110] polarizations. Note that with 4(b). For the[111]B tilted substrate, th¢110], direction
the coexistence of ordering and strain, the HH—CB transitiorcoincides with theg[110] direction, but thg 110], direction
becomes dependent on the degree of order. A typical valueorresponds to thecos(©6),cos@6), — v2sin(86)] direction.
of d = —15meV (y = 0.47), corresponding to a valence- In general, assuming the substrate is tilted by an a@agle
band splitting of 25 meV, has been assumed. The parametetsward a direction in th&-y plane with an azimuth angle
used in our calculation are listed in Table IlI. from the x axis, the transformation betwedi,y,z] and

One can see from Fig.(& that for the HH-CB transi- [X1,Y1,Z1]g iS given as

X cog 60)cog p+sir? ¢  [cog80)—1]cose sing  sin(86)cos ¢ Xy
y|=| [cog86)—1]cose sing cog80)sir’ ¢+cos ¢  sin(86)sin ¢ Vi l. (9)
z —sin(86)cos ¢ —sin(86)sin ¢ cos 66 Z
|
Here ¢=45° 90° and 135° correspond to [d11]B, 2+ cod 50)—sin(50) + L sin(250
(110AB, and[111]A tilted substrate, respectively. RMOAB— 199) -n( ) j -n( ) (12
For the HH—CB transition, the polarization rafy be- 2—cog66) +sin(60) + 3 sin(256)

tween thg 110], and[ 110], directions can be calculated for
the three tilted directions as follows:

for the (110AB misorientation. All three equations yield a
1 limit value of 3 asé6—0.
1-= sinz(ﬁa)) (10) The calculated’d dependence for thgl11]B misorien-
3 tation is shown in Fig. 3. For a typical value 60 = +6°,
we haveR[! A = 2,995 RIMUB = 2 30, andR{M 1948 = 2.47.
for the [111]A misorientation; Note that the sign 066 is very meaningful. That experimen-
tally observedRi*® < 3 or §6 > 0 allows us to unambigu-
ously identify along which of the two equivalefit11]B di-
(1178 _ 3 11 re_crt]iorr:s isbth_e oorlc;ering haxis. fIn fact, thisddir_ectioréaadgrees
i = : : with that obtained from the surface step ordering m .
1+v2 sin(250) + sir( 26) the ordering were along the other direction, thatis,< O,
one would have observe**!® > 3 (for instance, if56
for the[111]B misorientation; and = —6°, RI™Y8 = 4.20. The strongs¢ dependence comes

RM1TA=3
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from the fact that in the plane that contains {id.1] and 0.8
[110] directions the transition intensity varies rapidly from
zero for the polarization along tHd11] (z') direction to a 06 L Kty |
maximum along thg112] (x’) direction according to the
dependence on c&®) as mentioned in Sec. IV A. [1,1,0]
Note that the calculated rati®, = 2.30 for the 6° 04 K|l 2 i
— [111]B misorientation is the same as that measured for the
low-energy peak shown in Fig. 2, which is supportive of its 0.2} .
assignment as a nonexcitonic or band-to-band transition kiy
made in Ref. 22. For the high-energy peak, the effect of ol B kiiz |
substrate misorientation has partially accounted for the de-
viation between the experimental results and the band-to- , . . . .
band transition model. The exciton effect, discussed in the 0.000 0.005 0.010 0.015 0.020 0.025
next subsection, is primarily responsible for the difference k(Kp
between the high- and low-energy peaks.
In general, the effect of the tilted substrate is relativelyFIG. 6. Transition matrix elemeril, (k) for the HH-CB transition as a
weak for the LH-CB and SO—CB transitions. For instance function ofk for different polarizations.
considering a 62 [111]B sample witfd| = 15 meV, we get
|0R,/R,| = 4.3% for the LH-CB transitioriwhich corre- rection[111] the HH-CB transition is forbidden according

Sﬁ ogds to ov?reznmat.lrr]]g by 3% '.deZ. IS uaed tobdetermme to the band-to-band transition theory. If the excitonic effect
the degree of order without considering the substrate misorly o an into account, the transition becomes partially al-

entation, anq|5R3/R3| = 8.4% for the SO-CB transllt.|on, lowed. A similar effect appears for some forbidden transi-
compared with6R; /R;| = 23.3% for the HH-CB transition. tions in the[001] grown superlattice&

The matrix elemenM (k) is calculated by an eight-
band k.p model?® Figure 6 shows theM(k) of the
HH—-CB transitions fok parallel to they’ andz’ directions

It is obvious that the band-to-band transition theory canfor a few typ|ca| po|arizati0ns_ Note that even forin the
not produce the excitonic featufésn the absorption or PLE plane perpendicular to the ordering directidfg, (k) is an-
spectrum. However, in this work, we are mainly interested insotropic and strongly depends on the relative orientation be-
the polarization of the band-edge transitions, i.e., excitonigween thek ande. However, in the X'y’z’) coordinate sys-
transitions akex = 0 (Key is the wave vector of the excitonic tem, A(k) is not a function of the azimuth angle, so one can

statg. Thus, we would like to know how significantly the averageM, (k) over the azimuth angle when evaluating Eq.
formation of excitons can affect the polarization of the band-(13),

edge transitions. The optical transition matrix element foran  As has been shown previously, the CuPt ordered

T T T
[-1,1,0] k|l z

kily'

M. (k)

D. Excitonic transitions

excitonic state ae, = 0 is given by GalnR has an ellipsoidal band structure n&a# 0.2° Within
the effective mass approximation, the exciton wave function
M ex(Kex=0) = Ek: A(K)M ¢, (k), (13 can be written in the form 6&f

whereM, (k) = {o.(k)|e-p|¢,(k)) is the matrix element for Fi(0=(a%bm) "2 exp(— V(x*+y)/a’+2/b%), (14)

the direct band-to-band transitigmjs the momentum opera- the exciton binding energy and parametersand b are
tor, andA(k) = =, exp(— ik-xX)F(x) is the Fourier trans- obtained variationally with the above trial wave
form of the ground-state exciton wave functidm(x). function. A(k) is indeed fairly localized ink space
A(k) is usually localized ak = 0, which is the justification [A(0.0XK)/A(0) < 0.05,K, = 27/ay, anday is the lattice

for the effective mass approximation. If we assume thatonstan}, which ensures the validity of the effective mass
M., (k) is a smooth function ofk, then |M.(ke=0)|?>  approximation.

~|M¢,(0)|?|F1(0)|?, that is the polarization of an excitonic With the obtainedv ., (k) andA(k), the matrix element
transition is the same as that of the band-to-band transition 8l .,(k., = 0) for the excitonic transition has been calculated
k = 0. Nevertheless, in general, the polarization of an exciaccording to Eq(13). As an example, assuming a typical
tonic transition is different from that of the related band-to-degree of order withd| = 15 meV, the polarization ratios for
band transition ak = 0, because of the involvement of the the excitonic transitions iR; = 2.80 for the HH-CB transi-

k # 0 states in the excitonic transition. Since in the band-totion, compared to 3 from the band-to-band transition model.
band transition model, we hat® > R, for the two polariza-  Although in Fig. 6 M, (k) shows a rather stronk depen-
tion ratios of most interest in experiments, we expect that thelence in certairk directions, after averaging ovér space,
excitonic effect will cause a decreaseRq and an increase the effect becomes less significant. However, it is a detect-
in R, because of the mixing of wave functions flr# 0 able effect. By including the excitonic effect, the transition
states. There are two situations where we cannot apply thistensity as well as the polarization ratio becomealepen-
approximation:(1) M., (k) changes significantly in th& dent. We expect that the polarization raiq decreases as
region whereA(k) is not negligibly small; and2) for certain  the HH—LH mixing increases with decreasing the degree of
polarizationM ., (0) = 0; for instance, along the ordering di- order. For instanceR, = 2.66 for|d| = 10 meV(y = 0.39)
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TABLE IV. Effects of substrate misorientation and excitonic transitions on E. Discussions
the polarization ratios.

According to the above analyses, for the frequently mea-

I([110))/1([110])  1([110)/1([111]) sured polarization ratios between tHg.0] and[110] direc-
0 band—band 3.00 - tions, the strain effect for the HH—-CB transition is weak
exciton 2.80 14 whenx < Xgq, strong wherx > X, and strong for the LH-CB
6°111B band—band 2.30 40 transition; the effect of the substrate misorientation is strong
exciton 2.20 11 for the HH—CB transition but weak for the LH-CB transi-

tion; finally the excitonic effect is significant for the HH-CB
transition but weak for the LH—-CB transition. Thus, if the
strain due to the lattice mismatch can be avoided, the polar-
ization dependence of the LH-CB transition will be the best
candidate for probing the degree of order by absorption or
luminescence measurements.

On the other hand, in photoreflectance related
measurement3 *>1hoth the real and imaginary parts of the
dielectric function contribute to the measured properties. In
the vicinity of the band-gap energy, the imaginary part of the
dielectric constant is mainly determined by the properties
(transition matrix element, reduced masses) eticthe band

andR; = 2.99 for|d| = 67 meV(y» = 1). Animportant exci-
tonic effect is that the HH—CB transition for th&11] po-
larization becomes allowed, though its intensity is still more
than one order of magnitude weaker than that of [thEQ]
polarization. For instance, fojd| = 15 meV, the ratio
[1([120])/14([111]) = 14. Furthermore, for the case of a 6°
[111]B misoriented substrate apd| = 15 meV, the polariza-

tion ratio R, for the HH-CB transition becomes 2.20 with oo, "t the real part of the dielectric constant is associated
the excitonic effect taken into account. A = 10 meV, 4, the relevant properties of all the nearby bafidBor the

R, reduces to 2.1. On the other hand, the excitonic effect fop |4 iz ation difference of the photoreflectance near the band-
the LH—CB transition is relatively weak, compared to thegap energyE,, the major contribution is from the difference

HH-CB transition. ~in the real part**® Thus, reflectance difference is related to
Table IV summarizes the effects of the substrate misoriyot only the transition intensity; but also the transition

entation and the excitonic transition for the HH-CB transi-intensitiesl , and| 5. If reflectance related technigues are to

tion with |d| = 15 meV. The value of 2.20 fdR, is in rea-  pe ysed for probing the degree of ordéf; ! all three ef-
sonably good agreement with the experimental result showfects: strain, substrate misorientation and excitonic transi-
in Fig. 2, which gives a somewhat lower average value Oftion, must be accounted for simultaneously.

1.9. One possible reason for the deviation is that the exciton

localization due to various fluctuatiofsompositions, degree y/ SUMMARY AND CONCLUSIONS

of order, domain size, and short-range ordetihgould o o

cause stronger HH—LH mixing, and consequently a lower \We have performed a quantitative investigation of the
ratioR; . It is also possible that our model for calculating the OPtical polarization in CuPt-ordered zinc-blende semicon-
exciton states is oversimplified. Roughly speaking, the ellipductors, both experimentally and theoretically. Within ex-
soidal dispersions are accurate only within a rangdkpf perimental uncertainty, the polarization ratio of the HH-CB
< k, corresponding to an energy range comparablédfo transition is independent of the degree of order, although the
above thek = 0 states. Thé # 0 states that contribute sig- theory predict.s a we.ak dependence. Thg experimental result
nificantly to the excitonic transition are in a range kf can be described fairly well by the quasicubic model. Ana-
~ 2ar/a or 2m/b. For the ellipsoidal dispersion to be a good lytical formulas are given for calculating transition matrix
approximation, we have assumég < ko or the HH—LH elements with arbitrary polarization and degree of order. In

splitting to be significantly larger than the exciton binding general, to obtain quantitative information about ordering

energy. However, for the currently available samples, thigfrom Oﬁt'cﬁ; k;))olarlza_t(ljon m.easur_ements,dthbe Tollqwmg_ ef-
condition is not always well satisfigfor |d| = 15 meV, the ects should be considere(t) strain caused by lattice mis-

HH—LH splitting is 25 meV and the exciton binding energy match,(2) substrate misorientatioi3) excitonic transition.
is about 6 me¥). A more rigorous treatment for the exciton
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